A new chiral Brønsted acid-catalyzed aza-Diels-Alder reaction of cyclic C-acylimines with cyclopentadiene has been developed. The reaction provides optically active aza-tetracycles in good yields with high diastereo-and enantioselectivities under mild reaction conditions. 1819
Introduction
The enantioselective aza-Diels-Alder reaction is an important method for the construction of optically active, nitrogencontaining, six-membered rings, such as tetrahydroquinolines and piperidines. N-heterocycles are found in a wide range of natural products and many biologically active compounds [1] [2] [3] [4] . To date, most aza-asymmetric Diels-Alder reactions have been catalyzed by chiral Lewis acids [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Recently, chiral Brønsted acids have attracted interest as effective catalysts for a variety of asymmetric transformations involving imine electrophiles [17] [18] [19] [20] [21] [22] [23] . Among others, the aza-Diels-Alder reaction of imino-dienophiles has been investigated and it was shown that the reaction between arylimines and dienes, catalyzed by chiral Brønsted acids, proceeds with high levels of enantioselectivity. However, these reactions are limited to electron-rich dienes including Brassard's and Danishefsky dienes [24] [25] [26] [27] [28] [29] [30] [31] [32] . To the best of our knowledge the enantioselective Brønsted acid catalyzed aza-Diels-Alder reaction of imines with less-electronrich dienes has not been reported. Thus, we decided to examine the unprecedented Brønsted acid catalyzed aza-Diels-Alder reaction of cyclic C-acylimines with cyclopentadiene providing optically active nitrogen-containing heterocycles (Scheme 1). 
Results and Discussion
Our initial study began with the examination of the the azaDiels-Alder reaction of cyclic C-acylimine 1 with cyclopentadiene (2) in the presence of BINOL-derived phosphoric acid diesters and N-triflylphosphoramides 4-6 (Table 1 ) [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] as the catalysts. We were delighted to see that the reaction proceeded smoothly at different temperatures and that the product could be obtained with an enantiomeric excess of 8% ee when the reaction was performed in toluene at −60 °C in the presence of catalyst 4a ( Further improvement of selectivity was obtained by increasing the hexane/toluene ratio to 3:1, which delivered the product with an excellent enantiomeric excess of 94% (Table 1, entry  14) . With the optimal reaction conditions in hand, the substrate scope of the aza-Diels-Alder reaction was examined ( Table 2) .
Various substituted cyclic C-acylimines 1a-i with electrondonating and electron-withdrawing groups, as well as different substitutions patterns, were applied. In all cases the corresponding tetracyclic products were obtained in high yields and with excellent diastereo-and enantioselectivities. However, the use of less reactive dienes including cyclohexadiene or linear 1,3-pentadienes resulted in reduced product formation or provided the desired products with low enantioselectivities [52] [53] [54] [55] .
Conclusion
In conclusion, we have developed an enantioselective Brønsted acid catalyzed aza-Diels-Alder reaction of C-acylimines with cyclopentadiene. The corresponding aza-tetracycles were obtained in high yields and with excellent enantio-and diastereoselectivities under mild reaction conditions. The results reported not only show that chiral BINOL derived phosphoric acid diesters can be efficient catalysts for [4 + 2] cycloadditions involving less-electron-rich dienes but additionally demonstrate the high potential of these acidic Brønsted acids in asymmetric catalysis.
Experimental
The starting materials 1a-i were synthesized according to a known literature procedure [56] .
General procedure for the aza-Diels-Alder reaction: In a typical experiment the imine and cyclopentadiene were suspended in a mixture of hexane/toluene (3:1) in a screw-capped test tube and stirred at −78 °C for 10 min. The catalyst (5 mol %) was added to the solution and the mixture was stirred until consumption of the imine. The crude reaction mixture was directly charged on silica gel and purified by column chromatography (hexane/ethyl acetate as eluent) to afford the desired products.
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